Mach Number Uniformity in a 16-Foot Supersonic Wind Tunnel at Arnold Engineering Development Center by Smith, David H.
University of Tennessee, Knoxville 
TRACE: Tennessee Research and Creative 
Exchange 
Masters Theses Graduate School 
12-1998 
Mach Number Uniformity in a 16-Foot Supersonic Wind Tunnel at 
Arnold Engineering Development Center 
David H. Smith 
University of Tennessee, Knoxville 
Follow this and additional works at: https://trace.tennessee.edu/utk_gradthes 
 Part of the Aerospace Engineering Commons 
Recommended Citation 
Smith, David H., "Mach Number Uniformity in a 16-Foot Supersonic Wind Tunnel at Arnold Engineering 
Development Center. " Master's Thesis, University of Tennessee, 1998. 
https://trace.tennessee.edu/utk_gradthes/4935 
This Thesis is brought to you for free and open access by the Graduate School at TRACE: Tennessee Research and 
Creative Exchange. It has been accepted for inclusion in Masters Theses by an authorized administrator of TRACE: 
Tennessee Research and Creative Exchange. For more information, please contact trace@utk.edu. 
To the Graduate Council: 
I am submitting herewith a thesis written by David H. Smith entitled "Mach Number Uniformity in 
a 16-Foot Supersonic Wind Tunnel at Arnold Engineering Development Center." I have examined 
the final electronic copy of this thesis for form and content and recommend that it be accepted 
in partial fulfillment of the requirements for the degree of Master of Science, with a major in 
Aerospace Engineering. 
Carroll E. Peters, Major Professor 
We have read this thesis and recommend its acceptance: 
Ahmad Vakili, Ching Lo 
Accepted for the Council: 
Carolyn R. Hodges 
Vice Provost and Dean of the Graduate School 
(Original signatures are on file with official student records.) 
To the Graduate Council: 
I am submitting herewith a thesis written by David H. Smith entitled "Mach Number 
Uniformity in a 16-Foot Supersonic Wind Tunnel at Arnold Engineering Development 
Center." I have examined the final copy of this thesis for form and content and 
recommend that it be accepted in partial fulfillment of the requirements for the degree of 
Master of Science with a major in Aerospace Engineering. 
We have read this thesis 
and recommend its acceptance: 
Accepted for the Council: 
Associate Vice Chancellor and 
Dean of The Graduate School 
Mach Number Uniformity 
in a 16-Foot Supersonic Wind Tunnel 
at Arnold Engineering Development Center 
A Thesis 
Presented for the 
Master of Science 
Degree 
The University of Tennessee, Knoxville 
David H. Smith 
December 1998 
Acknowledgements 
I would like to thank my maJor professor, Dr. Carroll Peters, for his valuable 
guidance and assistance in completing this thesis. I would also like to thank the other 
members of my committee, Dr. Ahmad Vakili and Dr. Ching Lo, for their participation. 
In addition, I would like to thank Mr. Mike Mills, of Sverdrup Technology Inc., for 
providing me with the opportunity to study a real world problem and to Mr. Bill Milam 
and Mr. Fred Shope, also of Sverdrup Technology Inc., for providing technical guidance. 
11 
Abstract 
Mach number uniformity in a 16-foot-square supersonic wind tunnel (Tunnel 16S) at 
the Arnold Engineering Development Center's Propulsion Wind Tunnel Facility was 
evaluated. Tunnel 16S is a continuous-flow, closed-circuit tunnel with a 101-foot-long, 
flexible-wall, Laval nozzle that can provide test-section Mach numbers from 1.50 to 4.75. 
It has been hypothesized that the observed Mach number nonuniformity is, at least 
partially, a result of two discontinuous regions in the nozzle contours. These 
discontinuous regions are a result of the nozzle-plate "lap joints", vertical seams in the 
nozzle walls. A 2-D, time-dependent, inviscid Euler code, NAP, was used to compute 
Mach number profiles along the length of the supersonic portion of the nozzle. Nozzle 
contours evaluated included the design nozzle contours, measured nozzle contours, 
calibrated nozzle contours, and smoothed nozzle contours for Mach numbers of 1.60 and 
2.50. The design nozzle contours were determined by calculating a floating cubic fit 
through the design nozzle contour specifications. The measured nozzle contours were 
obtained from measurements taken along the entire length of the supersonic portion of 
both the East and West walls using a state-of-the-art laser tracking system, the SMX 
Tracker 4000. The differences between the design and measured nozzle contours result 
from four contributing factors: 1) the nozzle-positioning-jack errors, 2) the lap joints, 3) 
miscellaneous manufacturing errors, and 4) the inability to accurately position the nozzle 
wall with a finite number of jacks. The calibrated nozzle contours were free of nozzle­
positioning-jack errors, and the smoothed nozzle contours were free of both nozzle-
lll 
positioning-jack errors and lap-joint irregularities. The results infer that the nozzle­
positioning-jack errors are a significant contributor to the Mach number nonuniformity in 
the test section. The lap joints are also a significant contributor at Mach 1.60. In 
addition, the smoothed nozzle contours resulted in Mach nonuniformities of more than 
twice the future goal of ± 0.004. This leads to the conclusion that the design nozzle 
contour specifications may need to be modified or the future goal relaxed. 
lV 
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Flow quality in Tunnel 16S, at the Arnold Engineering Development Center's 
(AEDC) Propulsion Wind Tunnel (PWT) Facility, has been scrutinized for many years. 
Specifically, the facility engineers (in unpublished Tunnel 16S calibration reports) have 
observed that Mach number uniformity within the test section is less than optimal. 
Tunnel 16S is a supersonic wind tunnel, with a 101-foot-long nozzle and a 16-foot-square 
by 40-foot-long test cart, that provides test-section Mach numbers from 1.50 to 4. 75_ 1.2 
Facility engineers have hypothesized that the Mach number nonuniformity is, at least 
partially, a result of two discontinuous regions in the nozzle contours. These 
discontinuous regions are a result of the nozzle plate "lap joints", vertical seams in the 
nozzle walls. The study undertaken and documented in this thesis addresses this 
hypothesis. 
Purpose of Study 
There are two underlying reasons why the study was undertaken at this point in time. 
The first is a result of the findings of a National Facility Study, and the second is a result 
of the ever-increasing competition for customers. 
In 1994, a National Facility Study was conducted to identify future requirements of 
test facilities in the United States.3 Tunnel 16S was identified as the nation's primary 
1 
large supersonic wind tunnel. As a result, Tunnel-l 6S flow quality was examined 
relative to future requirements and found to be deficient in several areas. Several 
conceptual development efforts where initiated to investigate the feasibility of improving 
the flow quality. One effort dealt with Mach number uniformity in the test section. The 
current advertised Mach number uniformity in Tunnel 16S is± 0.01, with a future goal of 
+ 0.004.2 
AEDC cannot afford to ignore future requirements and stand idly by as other test 
facilities upgrade their capabilities to meet the needs of the future. Competition for 
customers, even at a Depaiiment of Defense (DoD) facility like AEDC, is becoming 
extremely crucial for the continued survival of test facilities around the world because of 
declining budgets and workload. In the past, AEDC has relied almost entirely on DoD 
funding. However, with the declining DoD budget, AEDC is having to attract non-DoD 
customers, such as commercial aircraft manufacturers (e.g., Boeing), NASA, and even 
foreign customers. In addition, DoD contracts awarded today allow potential customers 
to select where they conduct ground testing; more and more, they are electing to take 
their business to other facilities, for example to Calspan, to NASA, and even to overseas 
test facilities. 
In order to attract future customers to AEDC, an effort is underway to improve 
productivity by testing cheaper and quicker than other facilities while maintaining the 
highest quality data available in the industry. Customers are demanding tighter 
2 
tolerances and higher-fidelity wind-tunnel data than in the past. Numerous federal 
contracts for DoD flight hardware are being competitively administered between two or 
more contractors. Each contractor is attempting to demonstrate the slightest advantage its 
hardware may have over other competitors' hardware. In order to substantiate these 
advantages, the contractor must know exactly what flight condition is being simulated in 
the wind-tunnel test. 
For these reasons, AEDC has begun an investigation into understanding the Mach 
number nonuniformity in Tunnel 16S. Beginning in 2000, AEDC is programmed to 
receive funding for improvements to Tunnel l 6S and thus studies are underway to 
explore where the money can best be put to use. 
History 
The Tunnel I 6S nozzle has been calibrated a number of times (1960, 1963, 1968, and 
1984) since beginning operations. In the unpublished 1968 and 1984 Tunnel 16S 
calibration reports, the lap joints were identified as a possible source of the Mach number 
nonuniformity in the test section. 
In the 1968 calibration report, it was documented that there was some basis for 
concluding that a Mach number gradient, positive in the downstream direction, exists in 
the test section at the higher Mach numbers. It was concluded that the principal 
disturbances were caused by the lap joint between nozzle-positioning Jacks 9 and 10. In 
3 
addition, it suggested that additional disturbances might originate at the lap joint between 
Jacks 13 and 14; however, not enough was known about the nozzle flow field to allow 
disturbances to be traced to an upstream source. It was also documented that the wall­
section bending moment-of-inertia in the region of the lap joints is as much as 60 percent 
less than that of the homogenous wall. This causes the wall, within a few feet of the lap 
joint, to deviate from the desired nozzle contour. 
The 1984 calibration report includes comparisons between results from a 2-D, time 
dependent, Euler code and measurements of the nozzle flow Mach number along the 
tunnel centerline. The measured axial distributions are more nonuniform than the code-
generated results. However, the code-generated results do not include the effects of the 
lap joints. It was suggested that the Mach number nonuniformity in the data was the 
result of disturbances originating from the vicinity of one of the lap joints. The 
disturbances resulted in axial Mach number gradients that generally ranged from 0.005 to 
0.015 per foot. Comparison with the code-generated results implied that these gradients 
could be reduced to 0.001 to 0.005 per foot by eliminating the source of the disturbances. 
It was recommended that an investigation be conducted to find a way of eliminating these 
disturbances. 
Approach 
The first objective in this study was to obtain accurate measurements of the existing 
nozzle contours for comparison with the respective design nozzle contours. These 
4 
comparisons provided incremental differences (measured - design) in the width of the 
nozzle walls along the length of the nozzle. However, further evaluation was necessary 
to detem1ine if these incremental differences were large enough to cause Mach number 
nonuniformity within the test section. 
The second objective was to make the evaluation. A nozzle code was used to obtain 
Mach number profiles along the length of the nozzle. Each test condition (Mach number) 
evaluated required seven nozzle contour solutions: a) design nozzle contour, b) measured 
nozzle contours (one for each of the East and West walls), c) calibrated nozzle contours 
( one for each of the East and West walls), and d) smoothed nozzle contours ( one for each 
of the East and West walls). The calibrated nozzle contours are free of nozzle­
positioning-jack errors, and the smoothed nozzle contours are free of both nozzle­
positioning-jack errors and lap-joint irregularities. The results of the evaluation provided 
the basis for recommending one or more of the following corrective actions: 1 )  
recalibrating the nozzle (removing the nozzle-positioning-jack errors), 2) removing or 
minimizing the effect of the lap joints, 3) modifying the design nozzle contour 
specifications, and/or 4) looking elsewhere for the cause of the Mach number 
nonuniformity. 
The design nozzle contour is based on the design nozzle contour specifications and 
provides the theoretical (baseline) solution. The measured nozzle contour solutions are 
intended to provide some insight into the Mach number uniformity that would be 
5 
expected during a wind tunnel test today. These solutions include flow-disturbance 
contributions from nozzle-positioning-jack errors, lap joints, and also from miscellaneous 
pe11urbations in the smoothness of the nozzle contour. The calibrated nozzle contours are 
based on the measured nozzle contours with the nozzle-positioning-jack errors removed. 
The smoothed nozzle contours are based on the calibrated nozzle contours with the lap 
joints removed. The smoothed nozzle contours provide the closest result to the 
theoretical solution. The only flow disturbance contributions unaccounted for (ignoring 
inlet flow nonuniformities) are the miscellaneous perturbations in the smoothness of the 
nozzle contour, which are related to manufacturing anomalies and the inability to 
accurately position the nozzle wall with a finite number of jacks. Of course, in reality, 
physically manipulating the lap joints to result in smoothed nozzle contours may not be 




Tunnel 16S Description 
Tunnel 1 6S is a continuous-flow, closed-circuit tunnel with a 1 6-foot-square test 
section. The tunnel can be operated at Mach numbers ranging from 1 .50 to 4.75. Tunnel 
16S is intended primarily for testing the aerodynamic performance of full-scale engine 
installations, large aircraft models, and large- or full-scale missiles. The main 
compressor is composed of four axial-flow stages, which operate at a constant speed of 
600 revolutions per minute. The remotely controlled inlet guide vanes and stator blades 
of the first three axial-flow compressors provide the airflow and pressure-ratio 
adjustment. Four independent motors, capable of producing a total of 271,000 
horsepower, drive the main compressor. Supersonic test conditions are obtained by use 
of a flexible-wall, Laval-type nozzle. The Tunnel 1 6S test cart is 1 6-feet-square in cross 
section and 40 feet in length and is removable from the tunnel circuit. The test cart and 
supporting structure are constructed as a separate unit, and are completely enclosed in a 





















































































































































































































































Tunnel 1 6S Nozzle 
The Tunnel 16S nozzle consists of two parallel fixed surfaces ( ceiling and floor) and 
two flexible walls (East and West walls). The flexible walls are positioned by adjusting 
54 pairs of hydraulically driven actuators (nozzle-positioning jacks), 27 pairs on each of 
the East and West walls. 1 Automatic positioning control of the flexible walls is 
accomplished with a computerized set-point and guidance system. The flexible walls are 
not constructed of one-piece flexible plates, but instead are constructed of multiple plates 
bolted together. There are six plates making up each of the flexible walls, three on the 
top portion and three on the bottom portion of the wall. The total length of the nozzle 
walls in the axial direction is 101 feet, however the jacks are positioned only along 88 
feet of the nozzle. 1 The end of the flexible nozzle wall at the nozzle exit is fixed, while 
the other end at the nozzle entrance slides behind the fixed portion of the wall at a slip 
joint. A schematic of the Tunnel 16S nozzle is presented in Fig. 2. 
The vertical joints (seams) between the plates are known as the "lap joints". There 
are two lap joints on each of the flexible walls, one between Jacks 13 and 14 (1) and the 
other between Jacks 9 and 10 (2). Both are downstream of the nozzle throat, which is 
between Jacks 18 and 19. 1 The lap joints were positioned along the nozzle wall with the 
intent of minimizing the resulting stress on the plates and also to minimize the adverse 
impact on the curvature of the nozzle contour. A schematic of a lap joint is shown in Fig. 
3. Initially, these lap joints were the primary focus of this investigation, however, in 


































































































































































































































































































































Design Nozzle Contour Specifications 
The design nozzle contour specifications were developed by Sandberg-Serrell 
Corporation of Pasadena, California in the mid- 1 950's and were later documented by the 
Electric Boat Division, General Dynamics Corporation. 5 They were developed using the 
Method of Characteristics technique.6 Design nozzle contour specifications were only 
available at the nozzle-positioning-jack locations and are presented in Table 1 .  These 
data are presented in the original tunnel reference system, which is no longer used. The 
appropriate correction will be addressed in the Data Review section. 
1 2  
Table 1. Des ign Nozzle Contour Specifications. 1 































































































































Notes: 1. Design nozzle contour specifications were obtained from Ref 5. 

































3. Xdesign corrected tunnel station = Xdesign uncorrected tunnel station + 0.8906 ft. 





Nozzle contours were measured with a state-of-the-art laser tracking system, the 
SMX Tracker 4000, manufactured by the SMX Corporation. AEDC purchased the SMX 
Tracker 4000 to help increase productivity and accuracy in measuring surfaces such as 
nozzle walls. The SMX Tracker 4000 consists of three major components, the tracker 
head, the tracker control unit, and a controlling computer. The tracker head contains the 
tracker axis, laser tube, optics, laser interferometer, encoders, and supporting electronics. 
The tracker control unit provides control and power to the tracker head. The tracker 
control unit is equipped with integrated temperature and barometric pressure sensors 
which are used by the controlling software (Windows based) to compensate the laser 
wavelength for atmospheric conditions. The computer controls the tracker head and 
stores the data collected by the system. 7 Performance specifications for the SMX Tracker 
4000 are listed in Table 2. 
The tracker head emits a beam from a laser to a mirrored target called a spherically 
mounted retro-reflector (SMR). The SMR consists of a hollow comer-cube mirror 
mounted within a 1 .5 inch tooling ball.8 The offset between the point being measured at 
the center of the tooling ball and the nozzle wall must be accounted for. The SMR was 
guided by hand over the nozzle walls and reflected the incoming beam back to the tracker 
1 4  
. Tab le 2. SMX Tracker 4000 Performance Specifications. 
Category 
Resolution (Bandwidth) 
Repeatab ility (1 sigma) 
Near 
Far 






















Linear Control of 
Laser Interferometer 




















270 deg horizontal 
120 deg vertical 
4° C (40° F) to 43° C (110° F) 
Sea level to 3150 meters ( 10,000 ft) 
0 to 95% Non-condensing 
23-Kg (50 lb) Tracker Head 
115/230 V AC, 50/60 Hz, 5 A 
Intel Pentium, 115/230 V AC 
Laser Jet, 1 10/120 VAC 
0.5 mW/Class II 
7.0 mm 
0. 12 mrad 
* 1 micron is approximately 0.00004 inch 
Above performance specifications taken from Ref 8. 
15 
head. The line of sight between the tracker head emitter and the SMR had to be 
unintenupted during the acquisition of measurements. The tracker head followed the 
SMR, acquiring 1000 measurements per second. Miniature laser encoders reported the 
horizontal and vertical angles while the laser interferometer read the distance. The 
controlling computer stored the data when instructed to by the tracker control unit.8 
Each time the SMX Tracker 4000 was powered up or moved a coordinate reference 
had to be established. The coordinate reference was located on the nozzle centerline 
(floor) at an axial location conesponding to the nozzle exit (Tunnel Station 0). The 
coordinate reference conesponds to the currently accepted standard location, which as 
previously mentioned is different from that used when the design nozzle contour 
specifications were documented in the l 950's. The coordinate reference was changed, to 
make it consistent with Tunnel l 6T.9 The tunnel centerline was established by hanging 
piano wire through each of two centerline grooves in the nozzle frame on top of the 
nozzle housing. One piano wire was near the nozzle inlet and the other near the nozzle 
exit. Small holes are located in the nozzle ceiling through which the piano wires hang. 
Each piano wire was weighted by an attached plumb that was placed in a bucket of oil to 
minimize movement caused by air disturbances. A surveyor instrument along with the 
two piano wires was used to place three magnetic blocks flush with the nozzle centerline. 
The blocks were arbitrarily located along the nozzle centerline and served a redundant 
purpose. They allowed for three independent checks of the nozzle centerline, protecting 
against any unintended movement of one of them. The three magnetic blocks were then 
16 
offset by 0. 75 inch from the nozzle centerline. This offset accounted for the radius of the 
SMR. By placing the SMR flush with the magnetic blocks the center of the SMR would 
lie on the nozzle centerline. A schematic of the setup used to measure the nozzle 
contours is shown in Fig. 4. 
Once the coordinate reference was established, the SMR Tracker 4000 was ready to 
take measurements. A nozzle contour could be measured as quickly as the SMR could be 
traversed (by hand) over the nozzle wall (approximately one-minute for the entire length 
of the nozzle contour). This was the first time such a device was used to measure the 
nozzle contours in Tunnel 16S, and the measurements of the Tunnel 16S nozzle contours 
acquired by the SMR Tracker 4000 are believed to be the most accurate ever. 
Nozzle Contour Measurements 
Nozzle contour measurements were acquired for Mach 1.60 and 2.50. These Mach 
numbers are representative of those commonly requested in Tunnel 16S. Nozzle contours 
are set by the l 6S-control system by applying an increment to the baseline nozzle 
contour, Mach 3.70. The baseline nozzle contour produces the minimum amount of jack­
related stress on the nozzle wall plates. 
Measurements were acquired along the entire length of the supersonic portion of 
both the East and West nozzle walls, approximately 65 feet, at a nominal height of 4.5 
feet above the nozzle floor. No attempt was made to maintain an exact height. However, 









































































































































































































































































































































height was maintained within approximately ± 0.25 feet of the nominal height. 
Measurements of the Mach 1 .60 and 2.50 nozzle contours were acquired with one 
continuous sweep of the SMR over each of the East and West nozzle walls. 
Measurements were recorded at a rate of 1 measurement per inch, resulting in 
approximately 780 measurements per nozzle wall. 
Additional measurements were acquired in the vicinity of the lap joints. The lap 
joints are approximately 7.5 inches long, however their influence on the nozzle contour 
extends over a few feet; therefore, data centered about the lap joint were acquired over a 
length of 2.5 feet. Measurements were recorded at a rate of 20 measurements per inch, to 
better define the discontinuities, resulting in approximately 600 additional measurements 
per lap joint. 
1 9  
Chapter 5 
Data Review 
Design N ozzle Contours 
The design nozzle contour specifications were adjusted from the original tunnel 
reference system; the axial location of the coordinate reference was moved downstream 
10.6875 inches from the original coordinate reference.9 All design nozzle contour 
specifications were adjusted in the axial direction to reflect the modified tunnel reference 
system according to the following equation: 
xdesign (adjusted) (ft) = xdesign (ft) + [ 1 0.6875 (in.) * (1 (ft) / 12 (in.))] 
No adjustment was required in the lateral direction (Ydesign) .  
As was mentioned earlier, the design nozzle contour specifications were only 
available at the nozzle-positioning-jack locations, which were from 2 feet 11 inches to 4 
feet apart. 1 Thus, only the nozzle-positioning-jack locations could be directly compared 
with the measured nozzle contours, which was not adequate. The main area of initial 
interest was the lap joints and they do not lie at the jack locations, rather between jack 
locations. A method of comparing the design nozzle contours to the measured nozzle 
contours every inch was needed. A computer program developed by W. E. Milam was 
employed that calculated a floating cubic fit through the design nozzle contour 
specifications. 1 0  The results of the cubic fit adhered to the following equation: 
Y design (calculated) = A + B (XX) + C (XX) 2 + D (XX) 3 
20 
where 
y design (calculated) = calculated lateral dimension of design nozzle contour, ft 
A = lateral dimension of the nearest jack location downstream of the 
desired axial location, Xe, ft 
B = slope of the nozzle wall between the two closest jacks 
C = coefficient of quadratic term 
D = coefficient of cubic term 
XX = Xe - XI where Xe represents the design nozzle contour axial 
dimension for which a value of Y design (calculated) is desired and XI 
represents the jack axial dimension at or immediately downstream 
of Xe, ft 
The cubic fits for the Mach 1.60 and 2.50 design nozzle contours are presented in 
Tables 3a and 3b, respectively. 
Measu red Nozzle C ontours 
The nozzle measurements were corrected for the radius of the SMR (0.75 inch), 
according to the following equations: 
CD Slope of nozzle wall (m) : 
m = [Y measurein+ 1) - Y measurein- 1 )] / [�easurein+ 1 )  - �easurein-1 )] 
where 
ymeasured is the lateral measurement of the nozzle contour, in. 
xmeasured is the axial measurement of the nozzle contour, in. 
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Table 3. D esign Nozzle Contours. 
a. Mach 1.60 
Xdesign (adjusted) A {Ydesign) B C 
(ft) (ft) 
0 .8906 8 .0000 0 -0 .00 1 5 5636 
4 .8936 7 .9855 -0.00463669 0 .00039804 
8 . 8965 7 .9707 -0.0034 1 1 9 1  -0.00009207 
1 2 . 8994 7 .9560 -0.00382466 -0. 0000 1 1 04 
1 6 . 9023 7 .9406 -0.003848 1 0  0 .000005 1 9  
20.9053 7 .9259 -0.00334 1 29 0 .000 1 2 1 42 
24.9082 7 .9 1 3 3 -0.00324660 -0.00009776 
28 . 9 1 1 2  7 . 8962 -0.00593084 -0.00057280 
32 .9 1 4 1  7 .8586 -0 . 0 1 402490 -0 .00 144929 
36 .9 1 63 7 .7772 -0.027 1 6548 -0 .00 1 83426 
40. 9 1 68 7 .636 1  -0.04352092 -0.00240955  
43.9001 7.486 1 -0 .05663207 -0.00 1 97770 
46.9 1 1 6  7 .2969 -0.069 1 9 1 00 -0. 0022 1 47 1  
49. 8222 7.0797 -0.07904228 -0.00 1 1 7024 
52 .73 1 5  6. 8444 -0.08 1 1 4679 0.00044695 
55 . 64 1 4  6 .6 1 66 -0.07386009 0.00205704 
58 . 5536 6.4225 -0 .05822005 0.0033 1 274 
6 1 .4690 6.2823 -0.03748346 0.00379909 
64.3 869 6.2083 -0.0 1 2 1 9967 0.00486567 
67.3055 6.2 1 5 8 0 .0 1 790434 0.00544998 
70.222 1 6.3256 0 .06 1 2 1 492 0 .00940680 
73 . 1 273 6 .6002 0 . 1 3368946 0.0 1 557843 
75 .9966 7 . 1 280 0.23936084 0 .02 1 39029 
78 .7883 7 .973 8 0 .3695675 1 0 .02557420 
8 1 .4532 9 . 1 600 0.52738573 0 .03390438 
84.0376 1 0 .6860 0.62808826 0 .0054 1 537  
86.54 1 0  1 2 .3433 0 .7 1 622543 0.02983 1 64 
88 .9889 1 4 .08 1 3  0 .600 1 7 1 62 -0.06729730 





0 .00000 1 3 5  
0 .00000968 







0.000 1 1 962 
0.000 1 8529 
0.000 1 8444 
0.000 1 4373 
0.0000556 1  
0.000 1 2 1 84 
0.00006673 
0.00045222 
0.000708 1 1  
0 .000675 1 8  
0 .00049957 
0.00 1 04 1 96 
-0.00367448 
0.00325 1 08 
-0.0 1 3226 1 6  
0.00574940 
0 
Notes: 1 .  Curve fit calculated using a program developed by W. E.  Milam, Ref 1 0 . 
2 .  Calculated cubics between jack locations / modified tunnel station. 
3 .  Throat Location = 65 .6098 
22 
Jack Xdesign (adjusted) 
( ft) 
Fixed 0 .8906 
1 4 . 8979 
2 8 .9052 
,., 1 2 . 9 1 24 .) 
4 1 6 . 9 1 95 
5 20.9260 
6 24.9308 
7 28 .9324 
8 32.9289 
9 36 .9 1 76 
1 0  40.8954 
1 1  43 .8689 
1 2  46. 8325 
1 3  49.706 1 
1 4  52 .5777 
1 5  5 5 .4562 
1 6  5 8 .3478 
1 7  6 1 .254 1 
1 8  64. 1 7 1 6  
1 9  67.093 1 
20 70.0080 
2 1  72 . 897 1 
22 75 .7226 
23 78 .4362 
24 80.99 1 7 
25 83 .4386 
26 85 .7770 
27 88 .03 1 9  
Fixed 92 .8906 
Table 3. Concluded. 
b. Mach 2.50 
A (Ydesign} B 
( ft) 
8 .0000 0 
7.9772 -0.00724403 
7 .9542 -0.0053 1 1 34 
7 .9285 -0.00796960 
7 .8846 -0.0 1 49 1 72 1  
7 .80 1 9  -0.0271 5243 
7 .66 1 2  -0 .04379573 
7 .4477 -0.063 1 2377 
7 . 1 535  -0.0846 1 1 7 1  
6 .769 1 -0. 1 083 8843 
6.2844 -0. 1 3 5486 1 1 
5 . 847 1 -0. 1 5834847 
5 .3475 -0. 1 7795276 
4 .8 1 75 -0. 1 8 89309 1 
4.277 1 -0. 1 84 1 9962 
3 .775 1 -0. 1 6203346 
3 .3558  -0. 1 2589480 
3 .0554 -0.07952046 
2 .8998 -0.026 1 3 894 
2 .9083 0.03276774 
3 . 1 022 0. 1 0329373 
3 .5325 0 .2003 1 784 
4.2708 0.3260926 1 
5 . 3490 0.47 1 1 83 1 7  
6 .76 1 8  0.6406485 1  
8 .5054 0 .763 1 0 1 1 0  
1 0 .3932 0.8649 1 590 
1 2 .3798 0.820968 1 7  
1 5 .7400 0 
C D 
-0.00245 1 73 0.0002575 1 
0.00064402 -0.00006702 
-0.000 1 6 1 73 -0.00002828 
-0.000501 65 -0.00006077 
-0.00 1 23220 -0.00004905 
-0.00 1 82 1 8 1  -0.00004267 
-0.0023345 1 -0.0000 1 3 50 
-0.00249656 -0.000032 1 3 
-0.00288 1 75 -0.0000 1 673 
-0.00308 1 89 -0.00007607 
-0.0039897 1 0 .00003209 
-0.00370342 0.00008484 
-0.00294909 0.00024095 
-0.00087 1 94 0.00039376 
0. 00252025 0 .00030760 
0.005 1 7652 0.00024623 
0.0073 1 252 0.000 1 5 1 63 
0.00863457 0.000 1 1 699 
0.00965849 0.00009738 
0 .0 1 05 1 1 94 0.000366 1 8  
0 .0 1 3 7 1 406 0 .00072 1 7 1  
0 . 0 1 996938 0.00057087 
0 .02480840 0.00053225 
0.029 1 4 1 32 0.00 1 1 0 1 43 
0 .03758545 -0.00334728 
0 .0 1 30 1 406 0 .0025 1 84 1  
0 .03068 1 2 1  -0 . 0 1 044026 
-0.03994402 0.00274038 
0 0 
Notes: 1 .  Curve fit calculated using a program developed by W. E. Milam, Ref 1 0. 
2 .  Calculated cubics between jack locations / modified tunnel station. 
3 .  Throat Location = 65 .498 1 
23 
and 
if n = 1 (n-1) = 1 
if n = last measurement (n+ 1) = n 
® SMR radius correction (6.), see Fig. 5:  
East wall 
if m > 0 then, 
CD 6.x = 0 .75 (in.) * cos[atan(- 1/m)] 
® 6.y = 0.75 (in.) * sin[atan(- 1/m)] 
if m < 0 then, 
CD Dix = - 0.75 (in.) * cos[atan(-1/m)] 
® 6.y = - 0.75 (in.) * sin[atan(-1/m)] 
West wall 
if m > 0 then, 
CD Dix = - 0.75 (in.) * cos[atan(-1/m)] 
® 6.y = - 0 .75 (in.) * sin[atan(- 1/m)] 
if m < 0 then, 
CD 6x = 0.75 (in.) * cos[atan(-1/m)] 
® 6y = 0.75 (in.) * sin[atan(-1/m)] 
® Corrected Measurements: 
CD xmeasured (correctedi (in.) = xmeasured (in.) + 6X (in.) 






































































































The East nozzle wall measurements (Y measured (corrected)) were opposite m sign to the 
West nozzle wall measurements and design nozzle contour values and thus were 
multiplied by (-) 1 to allow for direct comparison. 
Increments 
With the above results a lateral design dimension (Ydesign (calculated)) was calculated at 
each of the measured axial locations (Xmeasured (corrected)). This allowed an increment 
(.6 ymeasured-design) to be calculated for every measured axial location according to the 
equation: 
.0. Ymeasured-design (in.) = Y measured (corrected) (in .) - Y design (calculated) (in.) 
This result allowed for the visualization of the increments between the measured 
(conected) and design (calculated) nozzle contours. Plots of .6 Y measured-design (dy) versus 
axial distance from the nozzle throat for both the East and West walls for Mach 1.60 and 
2.50 are presented in Figs. 6a through 6d. These data are labeled as "measured" in the 
figures. Assuming that the design nozzle contour is smooth, which is reasonable since it 
was mathematically derived, the increments help to visualize the waviness of the 
measured nozzle contours and also to visualize the magnitude of the perturbations along 
the contours. It was immediately apparent that the measured nozzle contours were not in 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































Three observations were made relative to the "measured" increments. First, the 
magnitudes of the increments resulting from the nozzle-positioning- jack errors are greater 
than the magnitudes of the increments resulting from the lap joints. This leads, at least 
initially, to the conclusion that the nozzle-positioning-jack errors have a greater impact 
than do the lap joints on the Mach number uniformity in the test section. The second 
observation is that the magnitude of the increments resulting from the lap joint between 
Jacks 9 and 10 is greater than that resulting from the lap joint between Jacks 13 and 14. 
The third observation is that the general trend of the magnitudes of the increments is 
decreasing from the nozzle throat to the nozzle exit. 
The increments in the vicinity of the lap joints are magnified in Figs. 7a through 7h. 
The increase in the irregularity of the data is indicative of the higher density 
measurements obtained across the region of the lap joints. In some of the figures (see 
Fig. 7b for example), a sharp change in the magnitude of the increment is evident over the 
lap joint. The sharp change is a result of the seam in the nozzle wall where two plates are 
bolted together. For the lap joint on the West wall between Jacks 9 and 10 it faces the 
oncoming flow, i.e. it is forward facing and for the other three lap joints (one on the West 
wall and both on the East wall) it is rearward facing. One final comment regarding Fig. 
7b: the step function on either side of the lap joint increments is not real. They are the 
result of inserting high fidelity measurements taken across the lap joint (20 measurements 
per inch) into the lower fidelity measurements taken across the nozzle contour (1 
measurement per inch), which were not acquired at exactly the same height above the 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































floor of the nozzle. It will become apparent later that this error (0.01 inch) contributes 
little to the Mach nonuniformity. 
Repeatab ility 
Data repeatability was of concern since increments were on the order of 0. 15 inch 
and smaller. Could the SMX Tracker 4000 repeatedly measure nozzle contours within an 
acceptable tolerance? Three sets of measurements were taken on the West wall for the 
Mach 1.60 nozzle contour. The advertised repeatability of the SMX Tracker 4000 was 1 
micron per meter or .00004 inch per 39.370 inch. 8 For all three measurements the SMX 
Tracker 4000 head was located in the vicinity of the nozzle throat. The first and second 
sets of measurements (original and repeat 1) were acquired back-to-back and the results 
are presented in Fig. 8. Measurements taken at a distance of approximately 60 feet (720 
inches) from the tracker head revealed a difference of approximately 0.0 15 inch which is 
on the order of approximately 20 times the quoted repeatability of the SMX Tracker 
4000. The reason for this large difference is unknown. It should be pointed out that the 
trend of both sets of measurements is similar, and that the concern was with the 
differences between the two sets of measurements, which diminished as the throat was 
approached. One possible explanation is that the measurements were not acquired at 
exactly the same height above the floor. As the distance from the tracker head decreased 
the difference in repeatability decreased to nil as expected. A second repeatability 
measurement (repeat 2) was obtained for this nozzle contour, however, unlike the back­
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repositioned to various other contours and the tracker head moved to other locations in 
the nozzle. These measurements (repeat 2) agreed much better to the first repeat 
measurements (repeat 1 ), which sheds suspicion on the original set of measurements. 
The results are also presented in Fig. 8 .  Comparing the two repeat sets, at approximately 
65 feet the difference is on the order of 0.01  inch, however at about 60 feet the difference 
decreases to within 0.002 inch and approaches nil as the measurements got closer to the 
tracker head. The SMX Tracker 4000 is capable of providing excellent repeatability near 
the tracker head. The lap joints were located within 30 feet of the tracker head during all 
measurements. All three sets of measurements acquired showed negligible differences at 
this distance (less than 0.01 inch) . 
Calib rated Nozzle Contours 
The cal ibrated nozzle contours were based on the measured nozzle contours with the 
nozzle-positioning-jack errors removed. This was accomplished by calculating a nozzle­
positioning-jack error increment (� Yiack erro,) at each of the jack locations according to the 
following equation: 
� Yjack error = Ymeasured (corrected) (in. )  - Y design (calculated) (in.) 
These increments were then applied to the measured nozzle contour. The intent was to 
move the jacks back to their design nozzle contour specifications; however, no attempt 
was made to force the measured nozzle contour to conform to the design nozzle contour 
between the jacks. The regions between the jacks were shifted linearly based on the 
shifts required to move the two adjacent jacks. For exainple, if Jack 1 was shifted 0. 1 
42 
inch and Jack 2 was shifted 0.2 inch then the location half way between the two jacks was 
shifted 0.15 inch. Calibrated nozzle contour increments (6 Ycalibrated-desii,�J were then 
calculated for every measured ( calibrated) axial location according to the equation: 
6 Y calibrated-design (in·) = Y cali bra1ed (in.) - Y design (calcula1ed) (in.) 
This result allowed for the visualization of the increments between the design, measured, 
and calibrated nozzle contours. Plots of 6 Ycalibraied-design (dy) versus axial distance from the 
nozzle throat for both the East and West walls for Mach 1.60 and 2.50 are presented in 
Figs. 6a through 6d and the lap joints are presented in Figs. 7a through 7h. These data are 
labeled as "calibrated" in the figures. Increments never exceeded 0.042 inch, 
representing better than a 70-percent improvement over the maximum "measured" 
incremental value of 0 .15 inch. It needs to be mentioned at this point that the "calibrated" 
and "smoothed" (to be described below) nozzle contours are identical in Figs. 6 and 7 
except in the regions of the lap joints. 
Two observations were made relative to the "calibrated" increments. First, the 
magnitudes of the increments resulting from the miscellaneous perturbations m the 
smoothness of the nozzle contour are of the same level as the magnitudes of the 
increments resulting from the lap joints. This leads, at least initially, to the conclusion 
that the lap joints have no greater impact than do the miscellaneous perturbations on the 
Mach number uniformity in the test section. The second observation was that the greatest 
increment is at the nozzle exit for three of the four contours evaluated. 
43 
Smooth ed N ozzle Contours 
The smoothed nozzle contours are based on the calibrated nozzle contours with the 
lap joints removed. This was accomplished by smoothing the increments of the 
calibrated nozzle contour in the regions of the lap joints. In addition to smoothing the lap 
joints themselves, the areas adjacent to the lap joints were also smoothed. This was done 
to ensure that all effects on the smoothness of the nozzle contour resulting from the lap 
joints were removed. The lap joint between Jacks 9 and 10 had a more significant impact 
on the nozzle contour than did the lap joint between Jacks 13 and 14. Therefore, the 
nozzle contour was smoothed between Jacks 9 and 1 1  for the second (2) lap joint, but 
only smoothed between Jacks 13 and 14 for the first ( 1) lap joint. Smoothed nozzle 
contour increments (fl Ysmooihed-design) were then calculated for every measured (smoothed) 
axial location according to the equation : 
fl Ysmoothed-design (in.) = Ysmoothed (in.) - Ydesign (calculated) (in .) 
This result allowed for the visualization of the increments between the design, measured, 
calibrated, and smoothed nozzle contours. Plots of fl Ysmootl,ed-design ( dy) versus axial 
distance from the nozzle throat for both the East and West walls for Mach 1.60 and 2.50 
are presented in Figs. 6a through 6d and the lap joints are presented in Figs. 7a through 
7h. These data are labeled as "smoothed" in the figures. 
Arc L ength 
The design, measured, calibrated, and smoothed nozzle contours were checked to 
ensure that they were adhering to the physical limitations of the jacks and not being 
44 
biased by the curve fitting, shifting, and smoothing mentioned earlier. The arc length 
between the jacks is nonadjustable; that is the jacks are physically fixed to the nozzle wall 
and thus the arc length will not change between jacks. The arc length was calculated 
between the jack positions for the nozzle contours using the following equation: 
S = Ii� i dsi where dsi = SQRT (dx/ + dy/) 
where n is the number of data points between adjacent jack pairs 
The arc lengths between adjacent jack pairs for the measured, calibrated, and 
smoothed nozzle contours were then compared to the design nozzle contours for the 
supersonic portion of the nozzle. The results for the Mach 1 .60 nozzle contours are 
presented in Tables 4a and 4b and the results for the Mach 2.50 nozzle contours are 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































N ozzle Code 
Chapter 6 
Data Analysis 
There are many nozzle codes available for evaluating and/or developing nozzle 
contours. Selecting and becoming proficient in the use of a nozzle code was the biggest 
challenge of this study. Initially, the intention was to run 2-D viscous solutions using a 
computational fluid dynamics (CFD) code, NxAir. However, before NxAir could be 
executed, a grid of the nozzle had to be prepared. Preparing the grid and learning how to 
execute the code was more time consuming than originally anticipated; because of time 
constraints, an alternative code was sought for this study. 
The nozzle-contour evaluations were perforn1ed using a Nozzle Afterbody Program 
(NAP) developed by Michael C. Cline at the Los Alamos Scientific Laboratory . 1 1  NAP is 
a 2-D, time-dependent, inviscid Euler program which requires the nozzle-contour 
dimensions, along with the stagnation temperature and stagnation pressure of the flow, as 
inputs. The fluid is assumed to be a perfect gas (thermally and calorically perfect); that 
is, a constant ratio of specific heats is assumed. Unlike the NxAIR program, NAP 
computes its own grid internally based on the number of desired axial and lateral mesh 
points. Interior mesh points are computed using the Maccormack finite-difference 
scheme and the boundary mesh points are computed usmg a characteristic scheme. 
Centerline mesh points were computed by enforcing symmetry of the flow. The program 
50 
converges to a stable solution over time, which was ensured by allowing the program to 
run a large number of time steps. The reader is referred to Reference 11 for further 
information regarding the program, including the development of mesh points, governing 
equations, required inputs, and execution of the program. 
For the study, the stagnation temperature was set to 600 degree Rankine, the 
stagnation pressure was set to 1000 pounds per square foot, the ratio of specific heats was 
1.4, and the gas constant was set to 53.35 pound force-foot per pound mass-degree 
Rankine. The number of axial mesh points was 787, which was based on 1 mesh point 
per inch between the nozzle throat and the nozzle exit. The number of lateral mesh points 
was 51, which was based on one mesh point at each 2-percent interval, that is, lateral 
distance in percent between the nozzle wall and centerline. Only the supersonic portion 
of the nozzle contours was evaluated. A straight, uniform sonic line was assumed at the 
thrnat. This assumption was validated by evaluating the design nozzle contours along 
their entire length and then along just the supersonic portion. The differences in Mach 
number uniformity were negligible (less than ± 0.001). The program was allowed to run 
1 0,000 time steps to approach a stable solution. This value was determined based on a 
time-step-sensitivity study. Solutions were obtained for various time steps ranging from 
500 to 99,999. It was determined that 10,000 time steps would provide a stable solution 
for the cases under study. Increasing the number of time steps did not improve the 
results, however decreasing to 5,000 time steps was detrimental. 
51 
An evaluation of NAP was performed to determine its adequacy for the nozzle 
contour evaluations. An exact solution for a nozzle contour was calculated and compared 
to the NAP result. The comparison was limited to the region of the nozzle where only 
one-family Prandtl-Meyer expansion waves, left running, are present. This region 
extends from the nozzle inlet to the point where the first reflected expansion wave, right 
running, intersects the left running waves. 
The nozzle contour had an initial radius of 1 0  feet and turned the flow 8 degrees over 
an axial length of 8 feet. The initial Mach number at the nozzle inlet was 1.60. One axial 
mesh per inch in the axial direction and 51 meshes in the l ateral direction were used in 
computing the NAP result, the same as used in the nozzle contour evaluations under 
study in this thesis. The exact solution and the NAP result for the nozzle contour are in 
excellent agreement along the nozzle wall and along an axial profile 6 feet from the 
nozzle centerline. The results are presented in Figs. 9a and 9b, respectively. The 
comparison shows that NAP is a good computational tool for evaluating 2-D inviscid 
nozzle contours. 
B oundary Layer Displacement Thickness 
The original design nozzle contour specifications were developed using the Method 
of Characteristics technique and the results were then adjusted for the boundary layer 
displacement thickness. The boundary layer displacement thickness accounted for both 































































































































































































































































































































































manufactured based on these adjusted values. NAP is an inviscid flow solver, and thus 
ignores the effects of the boundary layer. For this reason the boundary layer 
displacement thickness had to be subtracted from the nozzle contours prior to the 
evaluation. Boundary-layer-displacement-thickness data were available for Mach 1.50, 
1. 75, and 2.50. 12 The Mach 1.60 boundary layer displacement thickness data were 
linearly interpolated from the Mach 1.50 and 1.75 data, and the Mach 2.50 data were used 
as is. A sixth-order fit was placed through the data. The data for Mach 1.60 and 2.50 are 
presented in Figs. 1 Oa and 1 Ob, respectively, as a function of axial distance from the 
nozzle throat. For both sets of data, the boundary layer displacement thickness is 
assumed to be zero at the nozzle throat. The resulting boundary layer displacement 
thickness at the nozzle exit is approximately 1.5 and 2.5 inches for Mach 1.60 and 2.50, 
respectively. The boundary layer displacement thickness at the exit agrees very well with 
the measured value of 1.5 inch on the tunnel floor at Mach 1.60. 1 3  Measured values at 
Mach 2.50 are unavailable. 
Limitations 
Two limitations that may effect the results of this study need to be mentioned prior to 
presenting the results. The first limitation concerns the presumed East and West wall 
symmetry and the second concerns the nozzle inlet conditions. 
Each nozzle wall, East and West, was evaluated independently of the other. NAP 


































































































































































































































































































































































the flow is symmetrical on the other side of the nozzle centerline. In reality, the East and 
West nozzle walls are different and thus the flow is not perfectly symmetrical. Because 
of this limitation, the interaction of flow perturbations originating on opposite sides of the 
nozzle centerline is not addressed. 
The nozzle inlet conditions were assumed to be uniform for this study. This study 
addresses only the nozzle-wall contribution to Mach number nonuniformity in the test 
section. Future studies should consider the actual inlet-flow nonuniformities influence on 
Mach number nonuniformity. 
Efforts are underway at AEDC to run the viscous code, NxAir, which will address 
the above limitations. A computational study to evaluate both the nozzle contours and 
the influence of inlet conditions on the flow quality in the test section is underway. The 
design and measured nozzle contours described earlier are anticipated to be evaluated in 
the near future. 
58 
Chapter 7 
Results and Discussion 
The primary intent of this study was to determine if the lap joints had an adverse 
impact on the Mach number unifom1ity in the test section. However, during the course of 
the study, two additional questions arose that are more likely to be significant. First, 
could the ± 0.004 Mach number uniformity goal be satisfied by the design and smoothed 
nozzle contours, and second, are the nozzle-positioning-jack errors significant enough to 
impact adversely the Mach number uniformity in the test section? 
For the purpose of this study, the test section is defined to be the last 20 feet of the 
nozzle. This is the region in which the wind-tunnel model is most likely to be positioned 
during a wind tunnel test, and in which Mach number uniformity data has been acquired 
during previous Tunnel 1 6S calibrations. However, it is not necessarily where the test 
rhombus is located. The Tunnel 16S test rhombus for both Mach numbers of 1.60 and 
2.50 is presented in Fig. 1 1. The heart of the test rhombus for Mach 1.60 is actually 
upstream of the test section. The results of the nozzle evaluations to follow are presented 
only for the regions downstream of the upstream boundary of the test rhombus. 
NAP was used to compute the supersonic flow for the design, measured (both East 
and West nozzle contours), and the corresponding calibrated and smoothed nozzle 

















































centerline. The second profile was along a line that was nominally 4-feet-off-tunnel­
centerline (in the test section) . The third profile was along a line that was nominally 7-
feet-off-tunnel-centerline (in the test section). The tunnel centerline profile is valid if 
both nozzle walls are identical, as in the case of the design nozzle contour. For the other 
contours, the assumption was made that the opposing wall was identical, that is, each wall 
was independently evaluated, a limitation mentioned above. 
The design nozzle contours were evaluated first. A mean value of Mach number 
along the tunnel centerline (in the test section) was calculated. Mach number increments 
(DMach) were then calculated along each axial profile according to the following 
equation: 
DMach = Mach number - mean Mach number along tunnel centerline 
This result allowed for the visualization of the Mach number uniformity both axially and 
laterally within the test section. Plots of DMach versus axial distance from the nozzle 
throat for Mach 1.60 and 2.50 are presented in Figs. 12a and 12b, respectively. Values of 
Mach number uniformity within the test section are defined to be the larger of the 
absolute values of the minimum or maximum DMach values. Along the tunnel 
centerline, the Mach number uniformity at Mach 1.60 is ± 0.009 and at Mach 2.50 is ± 
0.007. Along the axial profile 4-feet-off-tunnel-centerline the Mach number uniformity 
at Mach 1.60 is ± 0.005 and at Mach 2.50 is ± 0.007. Along the axial profile 7-feet-off­
tunnel-centerline, the Mach number uniformity at Mach 1.60 is ± 0.006 and at Mach 2.50 
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Satisfying the ± 0.004 Mach number uniformity goal throughout the test section 
doesn' t  appear to be possible even if the design nozzle contours (mathematically derived) 
could be duplicated in the tunnel. However, if the model could be selectively positioned 
in the test section as a function of Mach number, the ± 0.004 goal could be achieved for 
some test conditions. For example, the axial and lateral Mach number uniformity at 
Mach 1.60 is within ± 0.004 from 52 to 65 feet aft of the nozzle throat. (The lateral Mach 
number uniformity is defined as the difference between the tunnel centerline and 4-feet­
off-tunnel-centerline Mach increments.) The same uniformity is not observed at Mach 
2.50 over any significant region of the test section. 
The measured nozzle contours were evaluated next. Plots of DMach versus axial 
distance from the nozzle throat for Mach 1.60 and 2.50 are presented in Figs. 13a through 
13d. Along the tunnel centerline, the Mach number uniformity at Mach 1.60 is ± 0.018 
and ± 0.019 for the East and West nozzle contours, respectively. The Mach number 
uniformity at Mach 2.5 is ± 0.0 14 and ± 0.007 for the East and West nozzle contours, 
respectively. It is apparent that the current "measured" nozzle contours will not satisfy 
the future goal of ± 0.004, and they, except for the West nozzle contour at Mach 2.5, do 
not even satisfy the current advertised Mach number uniformity of ± 0.0 1. The reader is 
referred to the figures for the Mach number unifonnity along the 4-feet and 7-feet-off­
tunnel-centerline profiles. A summary of the Mach number uniformity for Mach 1.60 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The calibrated nozzle contours were evaluated next. Plots of DMach versus axial 
distance from the nozzle throat for Mach 1.60 and 2.50 are presented in Figs. 14a through 
14d. Along the tunnel centerline, the Mach number uniformity at Mach 1.60 is ± 0.014 
and ± 0.015 for the East and West nozzle contours, respectively. The Mach number 
uniformity at Mach 2.5 is ± 0.010 and ± 0.008 for the East and West nozzle contours, 
respectively. The calibrated nozzle contours resulted in an improvement at Mach 1.60 of 
± 0.004 for both the East and West nozzle contours. At Mach 2.50 the improvement was 
± 0.004 for the East nozzle contour. No improvement was noted for the West nozzle 
contour. The answer to the question of whether the nozzle-positioning-jack errors 
significantly impact the Mach number uniformity in the test section is "yes". 
The smoothed nozzle contours were evaluated last. Plots of DMach versus axial 
distance from the nozzle throat for Mach 1.60 and 2.50 are presented in Figs. 15a through 
1 5d. Along the tunnel centerline, the Mach number uniformity at Mach 1.60 is ± 0.012 
for both the East and West nozzle contours. The Mach number uniformity at Mach 2.5 is 
± 0.011 and ± 0.008 for the East and West nozzle contours, respectively. The smoothed 
nozzle contours resulted in an additional improvement at Mach 1.60 of ± 0.002 and ± 
0.003 for the East and West nozzle contours, respectively. At Mach 2.50 there was no 
notable improvement. The answer to the question of whether the lap joints significantly 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The Mach number uniformity that resulted from evaluating the smoothed nozzle 
contours represents the best that can be expected with the current design nozzle contour 
specifications. The main reason why the design nozzle contour Mach number uniformity 
and the smoothed nozzle contour Mach number uniformity differ is the inability of the 
current nozzle control system to produce a smooth contour (as compared to a 
mathematically generated contour) with a finite number of Jacks. 
A summary of the preceding data along the twmel centerline, 4-feet-off-tunnel­
centerline, and 7-feet-off-tunnel-centerline profiles is presented in Figs. 16a through 161. 
These figures present the design, measured, calibrated, and smoothed Mach number 
increments for a profile on a single figure. From these figures it is apparent that 
calibrating the nozzle (removing the nozzle-positioning-jack errors) will improve the 
Mach number uniformity in the test section. In addition, smoothing the nozzle contours 
(removing the lap joints) will also improve the Mach number uniformity at Mach 1.60. 
However, even after removing the nozzle-positioning-jack errors and the lap joints the 
future goal of ± 0.004 will not be achievable throughout the entire test section (last 20 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Conclusions and Recommendations 
Nozzle contours were measured using a state-of-the-art laser tracking system, the 
SMX Tracker 4000. The measured nozzle contours were compared to design nozzle 
contours and the resulting physical differences were evaluated with regard to Mach 
number uniformity in the test section. The Mach number nonuniformities are a result of 
four contributing factors: 1) the nozzle-positioning-jack errors, 2) the lap joints, 3)  
miscellaneous manufacturing errors, and 4) the inability to accurately position the nozzle 
wall with a finite number of jacks. A method was implemented in this study to create 
representative nozzle contours, the first with the nozzle-positioning-jack errors eliminated 
(calibrated), and the second with both the nozzle-positioning-jack errors and the lap joint 
irregularities eliminated (smoothed). The resulting set of nozzle contours was evaluated 
using a 2-D, time-dependent, inviscid Euler code, NAP. The results infer that the nozzle­
positioning-jack errors are a significant contributor to the Mach number nonuniformity in 
the test section. Along the tunnel centerline, at Mach 1.60 and 2.50, they contribute as 
much as ± 0.004 to the Mach number nonuniformity. This leads to the conclusion that 
the nozzle needs to be recalibrated. In addition, the lap joints are also a significant 
contributor at Mach 1.60. They contribute as much as ± 0.003 to the Mach number 
non uniformity and thus should be eliminated, if possible. The smoothed nozzle contours 
result in a Mach number nonuniformity along the tunnel centerline of± 0.012 at Mach 
1.60 and ± 0.011  at Mach 2.50; these contours provide the best Mach number uniformity 
93 
that can be expected with the current design nozzle contour specifications. Thus, with the 
existing design nozzle contour specifications, the future goal of ± 0.004 is not achievable. 
This leads to the conclusion that the design nozzle contour specifications need to be 
modified or the future Mach number uniformity goal needs to be relaxed. 
The above results should be independently validated before a final recommendation is 
made to modify the design nozzle contour specifications or to relax the future Mach 
number uniformity goal. The following actions are recommended: 
1. Calibrate and measure the Tunnel 16S nozzle contours before the next test entry. 
2. Obtain experimental Mach number data throughout the test section during the next 
test entry. 
3. Measure the Tunnel 16S nozzle contours after the next test entry. (Repeated nozzle­
contour measurements will provide nozzle-control-system reliability data for future 
reference.) 
4. Evaluate the design, measured, and smoothed nozzle contours using a 3-D viscous 
flow solver, NxAir for example, and compare to the experimental data. Adjust the 
model as necessary to develop an accurate analytical model of the Mach number 
nonuniformity in the test section. 
5. If necessary and feasible, modify the design nozzle contour specifications to obtain 
the desired Mach number uniformity throughout the test section. 
6. Investigate the influence of nozzle-inlet-flow uniformity on Mach number uniformity 
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